CCR5 and CXCR4, the respective cell surface coreceptors of R5 and X4 HIV-1 strains, both form heterodimers with CD4, the principal HIV-1 receptor. Using several resonance energy transfer techniques, we determined that CD4, CXCR4, and CCR5 formed heterotrimers, and that CCR5 coexpression altered the conformation of both CXCR4/CXCR4 homodimers and CD4/CXCR4 heterodimers. As a result, binding of the HIV-1 envelope protein gp120 IIIB to the CD4/CXCR4/CCR5 heterooligomer was negligible, and the gp120-induced cytoskeletal rearrangements necessary for HIV-1 entry were prevented. CCR5 reduced HIV-1 envelope-induced CD4/ CXCR4-mediated cell-cell fusion. In nucleofected Jurkat CD4 cells and primary human CD4 + T cells, CCR5 expression led to a reduction in X4 HIV-1 infectivity. These findings can help to understand why X4 HIV-1 strains infection affect T-cell types differently during AIDS development and indicate that receptor oligomerization might be a target for previously unidentified therapeutic approaches for AIDS intervention.
CCR5 and CXCR4, the respective cell surface coreceptors of R5 and X4 HIV-1 strains, both form heterodimers with CD4, the principal HIV-1 receptor. Using several resonance energy transfer techniques, we determined that CD4, CXCR4, and CCR5 formed heterotrimers, and that CCR5 coexpression altered the conformation of both CXCR4/CXCR4 homodimers and CD4/CXCR4 heterodimers. As a result, binding of the HIV-1 envelope protein gp120 IIIB to the CD4/CXCR4/CCR5 heterooligomer was negligible, and the gp120-induced cytoskeletal rearrangements necessary for HIV-1 entry were prevented. CCR5 reduced HIV-1 envelope-induced CD4/ CXCR4-mediated cell-cell fusion. In nucleofected Jurkat CD4 cells and primary human CD4 + T cells, CCR5 expression led to a reduction in X4 HIV-1 infectivity. These findings can help to understand why X4 HIV-1 strains infection affect T-cell types differently during AIDS development and indicate that receptor oligomerization might be a target for previously unidentified therapeutic approaches for AIDS intervention.
chemokine receptors | oligomer formation | FRET/BRET F or HIV-1 to enter a target cell, the viral envelope glycoprotein gp120 must interact with a set of cell surface molecules that include the primary receptor, CD4 (1) , and a chemokine receptor (CCR5 or CXCR4) that acts as a coreceptor (2, 3) . These molecules form CD4/chemokine receptor complexes, as deduced from coprecipitation data for CXCR4 or CCR5 with CD4 (4) (5) (6) (7) (8) .
Most HIV-1 variants isolated from newly infected individuals use CCR5 and CD4 to enter host cells; these M-tropic R5 strains are predominant in acute and asymptomatic phases of HIV infection. CD4
+ T helper type 1 (Th1) cells, which express high CCR5 levels (9, 10) , are implicated in maintaining asymptomatic status (11, 12) . The "viral shift" from R5 to T-tropic X4 HIV-1 strains correlates with AIDS progression (13, 14) . X4 strains infect mainly CD4 + Th2 cells, which express little CCR5 and whose CXCR4 levels resemble those of Th1 cells (15, 16) , which suggests that cell susceptibility to HIV-1 infection depends on the CD4/coreceptor ratio and on receptor levels during cell activation and/or differentiation (17) . CXCR4 and CCR5 are present as homodimers and heterodimers at the plasma membrane (18) (19) (20) . In addition, gp120-mediated CD4/CXCR4 and CD4/CCR5 association and clustering is reported (21) (22) (23) . Nonetheless, little is known of how CCR5 expression influences the CD4/CXCR4 interaction, or of the molecular basis that underlies the differences in X4 strains infection relative to CCR5 levels at the cell surface.
Here, we identify CD4/CXCR4/CCR5 oligomers at the cell membrane, even in the absence of ligands. CCR5 expression in these complexes modifies the heterodimeric CD4/CXCR4 conformation and blocks gp120 IIIB binding, without altering binding of the CXCR4 ligand CXCL12 and its subsequent signaling. gp120 IIIB -triggered LIMK1 activation, cofilin dephosphorylation, and the actin cytoskeleton rearrangement necessary for cell-cell fusion were impeded in CD4/CXCR4/CCR5-expressing cells. The data obtained using recombinant gp120 IIIB glycoprotein were confirmed by experiments showing that X4 HIV-1 infection of Jurkat and primary T cells is regulated by CCR5 expression.
Results

CD4, CXCR4
, and CCR5 Form a Heterocomplex in Living Cells. Chemokine receptors can form homodimers and heterodimers (18) (19) (20) (Fig. S1 ). Bioluminescence resonance energy transfer (BRET) titration assays were used to test CD4 heterodimeric complex formation with CXCR4 and CCR5. We cotransfected 293T cells with a constant amount of donor [CD4-Rluc (renilla luciferase)] and increasing amounts of acceptor (CXCR4-CFP or CCR5-YFP) and then analyzed in BRET 2 or BRET 1 assays, respectively. Fusion of the luciferase protein to the CD4 C-terminal tail did not alter receptor expression or function ( Fig. S2 A  and B) . Using the Dako Cytomation Qifikit, we confirmed that CD4-Rluc-transfected 293T cells expressed the protein within the physiological range, i.e., similar to amounts in CD4 + primary T cells (293T cells, 13,828 ± 3,686 CD4 molecules per cell). BRET was positive for CD4/CXCR4 (BRET 50 18 .01 ± 10.08) and for CD4/CCR5 (BRET 50 7.46 ± 2.63) ( Fig. 1 A and B) . These results are consistent with the constitutive association between CD4 and the coreceptors detected by coprecipitation in monocytes and macrophages (4) (5) (6) (7) (8) .
Significance HIV-1 enters host cells via CD4 and the coreceptors CXCR4 or CCR5. Most HIV-1 variants isolated from newly infected individuals use CCR5 (R5 strains) and infect Th1 cells, among other cell types. In ∼50% of patients, R5 strains shift to X4 strains (which use CXCR4) and infect mainly Th2 cells, leading to poor prognosis and rapid disease progression. In Th2 cells, CD4 and CXCR4 levels resemble those of Th1 cells, but they express little CCR5. We report that CCR5 expression in CD4 + T cells reduced X4 strain cell entry and infection; the molecular mechanism involves CD4/CXCR4/CCR5 oligomer formation. CCR5 expression altered CD4/CXCR4 heterodimer conformation, blocking virus binding. Oligomeric complexes should thus be considered a target for reducing HIV-1 binding and infection.
BRET and bimolecular fluorescence complementation (BiFC) were combined to test whether CD4, CXCR4, and CCR5 organization is multimeric. The BiFC assay is a protein fragmentcomplementation method based on production of a fluorescent complex only when a protein-protein interaction is established (24) . CXCR4/CCR5 heterodimerization was first tested by direct visualization of YFP in 293T cells transiently cotransfected with CCR5 fused to the N-terminal part of YFP (nYFP; amino acids 1-155) and CXCR4 fused to the C-terminal part of YFP (cYFP; 156-231) ( Fig. 2 A and B) . In a specificity control, fluorescence was negligible in 293T cells transiently cotransfected with CXCR4-cYFP and 5-HT 2B -nYFP or with CCR5-nYFP and 5-HT 2B -cYFP ( Fig. 2 A and B) . Correct CXCR4-cYFP, CCR5-nYFP, 5-HT 2B -nYFP, and 5-HT 2B -cYFP function was verified by measuring ligand-mediated Ca 2+ flux for the chemokine receptors and agonist-triggered MAPK activation for the 5-HT 2B constructs ( Fig. S2 C and D) . For BRET-BiFC assays, 293T cells were cotransfected with a constant amount of CD4-Rluc (donor) and increasing amounts of a 1:1 mixture of CXCR4-cYFP:CCR5-nYFP. The BRET signal was positive and increased as a hyperbolic function of the acceptor/donor ratio, confirming CD4/CXCR4/CCR5 oligomer formation (BRET max 40.67 ± 4.90, BRET 50 5.79 ± 1.81) (Fig. 2C) . BRET was negligible when 5-HT 2B -Rluc was used as donor.
To confirm heterotrimerization, we used a sequential BRET/ FRET technique (SRET) (25) . We transiently cotransfected 293T cells with a constant amount of CD4-Rluc (BRET donor) and CXCR4-CFP (BRET acceptor and FRET donor), and increasing amounts of CCR5-YFP (FRET acceptor); the SRET signal was positive and saturable (SRET max 197.1 ± 23.19, SRET 50 18.53 ± 7.74) (Fig. 2D ). Residual energy transfer was observed in control cells cotransfected with 5-HT 2B -Rluc, CXCR4-CFP, and CCR5-YFP (Fig. 2D) . These results indicate that CD4, CXCR4, and CCR5 form heterooligomers in living cells.
CCR5 Expression Alters CXCR4/CXCR4 Homodimeric and CD4/CXCR4
Heterodimeric Conformations. To analyze the effect of CCR5 coexpression on CXCR4 homodimeric conformation, we transfected 293T cells with pcDNACCR5 or pcDNA, which we then cotransfected with constant amounts of CXCR4-CFP (donor) and increasing amounts of CXCR4-YFP (acceptor). CCR5 2 experiment scheme of the postulated interaction between CD4-Rluc and CXCR4-CFP (Upper). We generated BRET titration curves by using 293T cells transiently cotransfected with CD4-Rluc (∼50,000 LU) and CXCR4-CFP (X4-CFP, ∼3,000-50,000 FU). As negative control, we used 5HT 2B -Rluc (0.5 μg, ∼50,000 LU) (Lower). (B) BRET 1 experiment scheme of the postulated interaction between CD4-Rluc and CCR5-YFP (Upper). We generated BRET titration curves by using 293T cells transiently cotransfected with CD4-Rluc as in A and CCR5-YFP (R5-YFP; ∼4,000-30,000 FU). We used 5HT 2B -Rluc (0.5 μg, ∼50,000 LU) as negative control (Lower). BRET 50 and BRET max values (mean ± SEM) were calculated according to a nonlinear regression equation applied to a single binding-site model (n = 6) (ND, not determined). (Scale bars: 20 μm). DIC, differential interference contrast microscopy. (C) Experiment scheme of CD4/CXCR4/CCR5 heterooligomer detection by BRETBiFC (Upper). BRET-BiFC saturation curves (Lower) were obtained by using 293T cells cotransfected with 0.25 μg of cDNA for CD4-Rluc (∼75,000 LU) and increasing quantities of cDNA for X4-cYFP and R5-nYFP (0.2-3 μg, 14,000 FU). As negative control, cells were cotransfected with 0.5 μg of 5-HT 2B -Rluc (∼100,000 LU). Curves were calculated according to a nonlinear regression equation applied to a single binding-site model. Values are mean ± SEM (n = 8).
(D) Experiment scheme of CD4/CXCR4/CCR5 heterooligomer detection by SRET (Upper). We cotransfected 293T cells (Lower) with a constant amount of CD4-Rluc (∼50,000 LU) and X4-CFP (1 μg; 20,000 FU) and increasing R5-YFP quantities (0.2-1.5 μg, ∼60,000 FU). As a negative control, we cotransfected cells with 5-HT2B-Rluc (0.5 μg; ∼60,000 LU) and X4-CFP (1 μg; 20,000 FU), and increasing R5-YFP amounts (0.2-1.5 μg, 50,000 FU). Curves were calculated as in C. Values represent mean ± SEM (n = 8).
coexpression (Fig. S3A) did not significantly modify CXCR4-CFP or CXCR4-YFP fluorescence (Table 1 ). CCR5 expression significantly altered FRET 50 for CXCR4 homodimers (CXCR4-CFP/CXCR4-YFP + pcDNA, 0.52 ± 0.02; CXCR4-CFP/CXCR4-YFP + pcDNACCR5, 1.13 ± 0.05; P < 0.05) (Fig. 3A) , but not the total number of CXCR4 complexes (FRET max ). FRET 50 reflects the apparent affinity of a given interaction (25, 26) , and its variation can indicate conformational changes in the complex partners, which translate into longer or shorter donor-acceptor distances and/or changes in their relative orientation. Our results are nonetheless also compatible with CCR5-mediated interference with CXCR4 homodimers.
In subsequent BRET experiments, we tested whether CCR5 expression alters CD4/CXCR4 heterodimer conformation. Flow cytometry measurements showed similar membrane CCR5 expression in CCR5-expressing 293T cells cotransfected with constant amounts of CD4-Rluc (BRET donor) and increasing amounts of CXCR4-YFP (BRET acceptor) ( Fig. 3B and Fig.  S3B ). Whereas CCR5 coexpression did not affect CD4-Rluc or CXCR4-YFP expression (Table 2) , it significantly altered BRET saturation curves for CD4/CXCR4 heterodimers, as indicated by changes in BRET max (CD4-Rluc/CXCR4-YFP + pcDNA, 148.6 ± 8.10; CD4-Rluc/CXCR4-YFP + pcDNACCR5, 211.6 ± 16.41) and in BRET 50 (CD4-Rluc/CXCR4-YFP + pcDNA, 11.58 ± 2.43; CD4-Rluc/CXCR4-YFP + pcDNACCR5, 28.73 ± 6.76) (P < 0.05; Fig. 3B ). These findings indicate that CD4/CXCR4 complexes form in the absence of ligand and that CCR5 incorporation into the heterooligomer alters CD4/CXCR4 complex conformation.
CCR5 Alters gp120 IIIB -Promoted CD4/CXCR4 Conformational Changes.
Conformational changes induced by gp120 IIIB binding to CD4/ CXCR4 were readily detected by BRET using CD4-Rluc as donor and CXCR4-YFP as acceptor in mock-transfected or CCR5-expressing 293T cells. CCR5, CD4, and CXCR4 levels were verified by FACS as above, and BRET curves were evaluated before and after incubation with soluble monomeric gp120 IIIB (5 nM, 5 min, 37°C). Paired analysis of the four groups of curves generated by CD4-Rluc/CXCR4-YFP + pcDNA and CD4-Rluc/ CXCR4-YFP + pcDNACCR5, alone or with gp120 IIIB (Fig. 3 C and D) using Akaike information criterion (n = 4) showed that the addition of gp120 IIIB altered BRET saturation curves for CD4/ CXCR4 heterodimers only when CCR5 was absent. These results show that gp120 IIIB -triggered conformational changes in CD4/ CXCR4 complexes are blocked by CCR5 coexpression.
CCR5 Blocks gp120 IIIB -Mediated Early Actin Polymerization in CD4/ CXCR4-Expressing Cells. Shortly after binding to its receptors on resting CD4
+ T cells, gp120 promotes rapid, transient polymerization of cortical actin (27, 28) , a process that mimics the chemotactic response initiated by CXCL12 binding to CXCR4 (27) (28) (29) . We tested the effect of gp120 IIIB on actin in 293T cells expressing CD4/CXCR4 or CD4/CXCR4/CCR5. Phalloidin-FITC staining and flow cytometry data indicated that gp120 IIIB triggered rapid actin polymerization (5-15 min) in CD4/CXCR4 but not in CD4/CXCR4/CCR5 cells (Fig. 4 A and B and Fig.  S4A ). Confocal microscopy analysis of this blockade in CD4/ CXCR4 cells transiently transfected with CCR5-RFPm, incubated with gp120 IIIB , and phalloidin-stained ( Fig. S4 B and C) showed F-actin rearrangement in CD4/CXCR4 but not in CD4/ CXCR4/CCR5 cells. As a control for cytoskeleton integrity, CXCL12 stimulation led to rapid polarized polymerization of cortical actin in both cell types (28, 29) (Fig. 4C and Fig. S4 D and E). Similar experiments were performed in primary CD4
+ T cells nucleofected with CCR5 or the empty vector (Fig. 5A) ; flow cytometry showed that cell membrane CD4 and CXCR4 levels were unaffected by CCR5 expression (Fig. S5 A and B) . As in CD4-expressing 293T cells, gp120 IIIB promoted rapid actin polymerization (0.5-1 min) in CD4 + but not in CCR5 + CD4 + T cells (Fig. 5B) .
Because HIV-1 gp120 binding modifies CD4 + T-cell shape (30, 31), we analyzed the gp120 IIIB effect on morphology (ellipticity) by imaging the actin cytoskeleton in nucleofected CCR5 +
CD4
+ and control CD4 + T cells. Fluorescence imaging of phalloidin-Alexa488 staining showed a rounded morphology for both cell types, with a relatively thin cortical actin layer ( Fig. 5C and Fig. S6 ). Whereas incubation with gp120 IIIB induced a change in control cell shape and formation of actin-rich protrusions, CCR5
+ CD4 + T cells were refractory to changes in shape ( Fig. 5C and Fig. S6 ). In confocal images, quantitative analysis of the degree of deviation from a circular/spherical to an elliptical/ellipsoidal shape confirmed that these effects occurred only in primary CD4
+ T cells (Imaris software; P < 0.001; Fig.  5D ). Controls using CXCL12 showed cortical actin polymerization in both CD4
+ and CCR5
. These data show that in both the heterologous system and in primary CD4
+ T cells, lack of gp120 IIIB -triggered effects correlates with CCR5 expression.
CCR5 Expression in CD4/CXCR4 Cells Blocks gp120 IIIB -Induced LIMK1
Activation and Cofilin Phosphorylation. gp120-triggered actin polymerization involves transient LIMK1 activation, which phosphorylates and, thus, inactivates the actin depolymerization factor cofilin (27, 32) . Cofilin phosphorylation by LIMK1 is also critical for CXCL12-induced actin reorganization and chemotactic responses in T lymphocytes (29) . Whereas in CD4/CXCR4 cells gp120 IIIB promoted rapid cofilin phosphorylation ( 
CCR5
+ T cells (Fig. 6C , Lower). In both primary cell types, CXCL12 triggered LIMK1 and cofilin phosphorylation (Fig. 6D ). These findings strongly suggest that CCR5 blocks gp120 IIIB -triggered cytoskeletal reorganization events by altering the LIMK1/cofilin pathway.
CCR5 Blocks HIV-gp120 IIIB Binding to CD4/CXCR4. To establish the mechanism involved in CD4/CXCR4/CCR5-mediated effects, we tested whether CCR5 coexpression altered gp120 IIIB binding to CD4/CXCR4 complexes. A label-free surface plasmon resonance technology was used to study gp120 IIIB biomolecular interactions with CD4, CXCR4, and CCR5 receptors expressed on lentiviral particles. Mock-and CCR5-transfected CD4 + 293 and 293T cells were transiently cotransfected with pLVTHM, PAX2, and VSVG plasmids to prepare lentiviral particles (LVP) bearing CD4/CXCR4, CD4/CXCR4/CCR5, CXCR4, or CXCR4/ CCR5. We analyzed CXCR4 expression by flow cytometry, using latex beads that bind to LVP and specific antibodies (33); CD4 X4-CFP/X4-YFP + control 335,300 ± 152,600 ∼100,000-1,600,000 X4-CFP//X4YFP+CCR5 368,900 ± 122,000 ∼300,000-2,300,000
Fluorescence was measured in a Wallac Envision 2104 reader for each sample before each FRET saturation curve experiment. Values represent mean ± SD fluorescence of donor expression (CXCR4-CFP) and increasing acceptor expression (CXCR4-YFP) in six experiments performed. FU, fluorescence units. and CCR5 were evaluated by Western blot (Fig. S8 A and B) . LVPCXCR4, LVPCXCR4/CCR5, LVPCD4/CXCR4, or LVPCD4/ CXCR4/CCR5 were immobilized on the surface of a Biacore CM5 sensor chip, and gp120 IIIB solutions (50-250 nM) were injected into each flow cell. We observed a dose-dependent response for gp120 IIIB binding to LVPCD4/CXCR4, with maximum of ∼32 relative units (RU) for 250 nM and a minimum of ∼6 RU for 50 nM ( (Fig. 7G ). We found no specific gp120 IIIB binding to LVPCD4/CXCR4/CCR5 (Fig. 7 B and G).
To confirm this unanticipated observation, we carried out 125 Igp120 IIIB binding assays to mock-transfected and CCR5-transiently transfected 293T (control) or CD4 + 293 cells. Scatchard analysis of gp120 IIIB binding to CD4 + 293 cells, which express endogenous CXCR4, indicated a K D of 80 ± 8 nM, similar to previous reports (34) . As predicted by our results above, specific gp120 IIIB binding was not detected in CD4/CXCR4/CCR5 cells (Fig. S8D) . As a control, CCR5 expression was verified by flow cytometry analysis (Fig. S8C) . Control assays confirmed similar CXCL12 binding to CXCR4 in LVPCXCR4, LVPCXCR4/ CCR5, LVPCD4/CXCR4, or LVPCD4/CXCR4/CCR5 (Fig. 7  C-G) . The data indicate that CCR5 expression disrupted the gp120 IIIB binding site in CD4/CXCR4 heterodimers, whereas it did not alter CXCL12 binding properties to CXCR4. Infection. The repeating unit in the HIV-1 envelope is a noncovalent trimer formed by gp120 and gp41 proteins (35) . To test whether CCR5 expression also impairs trimeric gp120 IIIB binding, we performed cell-cell fusion experiments by using 293T cells expressing gp120 IIIB as effectors, and CD4
+ 293 cells transiently expressing CCR5 (or mock-transfected) as target cells (Fig. 8A) . Flow cytometry data confirmed that CD4 + 293 cells expressed endogenous CXCR4 and had physiological CD4 levels (36) (Fig. 8B) . At 48 h after transfection, CCR5-expressing cells showed a ∼50% reduction in gp120 IIIB -induced fusion compared with controls ( Fig. 8C) (P < 0.01). To confirm that this effect is mediated by cell surface CCR5, we studied conditions for ligand (CCL5)-induced CCR5 internalization. CD4
+ 293 cells stably transfected with CCR5 and treated (30 min) with CCL5 (100 nM) showed rapid CCR5 internalization (42 ± 3%), whereas expression of cell surface CD4 or CXCR4 was unaltered (Fig.  S9A) . CCL5-induced CCR5 internalization led to a significant increase in gp120 IIIB -induced cell-cell fusion (Fig. 8C) (P < 0.05). These findings indicate that cell surface CCR5 reduces HIV-1 gp120 IIIB -induced cell-cell fusion.
To test the effect of CCR5 expression in viral particles bearing native gp120/gp41 complexes, Jurkat CD4 cells or primary CD4 + T cells were nucleofected by using pcDNA or pcDNACCR5 plasmids (Fig. 9 A and B and Fig. S5 ) and incubated with X4 HIV-1 NL4-3 strain virus. At 48 h after infection, ELISA measurement of p24 in culture medium showed that CCR5 expres- We determined whether the CD4/CXCR4/CCR5 complexes also affect R5 virus infection. Jurkat cells transfected with pcDNACCR5 plasmid as above (Fig. 9A) were infected by the R5 HIV-1 strain NLAD8 (Fig. 9C) . Because CXCR4 is expressed constitutively in these cells, we reduced CXCR4 levels by CXCL12-triggered internalization before testing R5 HIV-1 NLAD8 infection. In cells in which surface CXCR4 levels were reduced by CXCL12 (∼80%, 15 min) without altering CCR5 or CD4 levels (Fig. S9B) , R5-HIV-1 NLAD8 infection was significantly higher than in untreated cells ( Fig. 9C ; P < 0.05). These data confirm the influence of the CXCR4/CCR5 ratio for HIV-1 infection. (18, 19, 26, 35, 37, 38) . Although heterodimer stabilization is associated with specific signaling events (39) (40) (41) and with modulation of individual receptor activity (36, 42, 43) , the functional relevance of these complexes remains unclear. This fact is the case of the two main HIV-1 coreceptors, CXCR4 and CCR5. When coexpressed on a cell and in the absence of ligands, these two receptors form heterodimers (39, 40, 44 ) that appear to modulate lymphocyte functions (40) . This effect is compatible with the consensus for the G protein-coupled receptors (GPCR), which considers heteromers as entities whose function differs from that of the individual receptors (45) .
Discussion
Although GPCR oligomerization is reported, there are few examples of complexes that include more than two receptor proteins; one is that of the cannabinoid CB 1 /dopamine D 2 / adenosine A 2A receptor oligomers identified by SRET (25) . Using two energy transfer approaches, BRET-BiFC and SRET, we identified heterocomplexes formed by two members of the GPCR family (CXCR4 and CCR5) and one of the Ig superfamily (CD4). In addition, CCR5 coexpression promoted significant FRET 50 variation in CXCR4 homodimers without altering FRET max values; this finding indicated that CCR5 did not affect the number of CXCR4 complexes, but modulated the apparent affinity between the two CXCR4 partners (46, 47), although we cannot rule out CCR5 interference with CXCR4 homodimer formation. Such modifications reflect CCR5-mediated alterations in CXCR4 complexes. CCR5 expression also reduced FRET 50 and increased FRET max of CD4/CXCR4 heterodimers, that is, it affected both the apparent affinity between CD4 and CXCR4 and the number of complexes on the cell (48) because of changes in the distance and/or the orientation of the partners. This effect, and the ability of CD4, CXCR4, and CCR5 to form trimeric complexes, rules out competition by the two chemokine receptors for CD4 association.
Conformational rearrangement of the partners in a heterodimeric complex can alter ligand binding (49, 50) and affect ligand function (42, 51) by modulating their ability to activate G proteins (43, 50) . Here, we show evidence that CCR5 coexpression and receptor oligomerization impede gp120 IIIB binding to target cells. The CCR5 effect on gp120 IIIB binding and function is specific, as CXCL12-mediated signaling events were unaffected. It is thus possible that the CD4 domains involved in gp120 IIIB binding are masked by the CD4/CXCR4/CCR5 oligomer. When gp120 binding to CD4 is prevented, the gp120 IIIB conformational changes necessary for subsequent CXCR4 binding (52) did not take place. Our BRET data ( Fig. 3 C and D) showed a gp120 IIIB -promoted conformational change in CD4/CXCR4 that was blocked by CCR5 coexpression, reinforcing the idea that gp120 IIIB is unable to bind to CD4/CXCR4/CCR5 complexes.
CCR5 coexpression also impaired the cell-cell fusion that allows HIV-1 entry into target cells, indicating that the effect observed using soluble monomeric gp120 IIIB is also evident in virus-bearing native trimeric gp120 and gp41 protein complexes. One of the earliest events in HIV-1 NL4-3 infection is CXCR4-mediated activation of LIMK1 and cofilin phosphorylation; these events increase cortical actin dynamics in resting CD4 + T cells (27, 32) , a process that might require CXCR4 dimerization (53) . Our data confirm these observations, because we detected rapid gp120 IIIB -mediated actin polymerization following transient LIMK1 activation and cofilin inactivation. This chain of events, necessary to trigger membrane fusion and viral entry, was blocked when cells coexpressed CCR5. Although gp120 IIIBmediated actin polymerization, LIMK1 activation, and cofilin phosphorylation were abolished, inhibition of cell-cell fusion and HIV-1 NL4-3 infection was incomplete. This discrepancy is probably due to differences in the cell types analyzed. We determined viral infection by using the entire population of CCR5-transfected CD4 + primary T or Jurkat CD4 + cells (40% transfection efficiency), whose expression of CCR5 resembled that of activated primary T cells and Th1 cells (54, 55) , whereas our analysis of the mechanism involving actin polymerization was restricted to CCR5 + cells. Our data concur with a report that, in NIH 3T3 cells coexpressing CD4, CXCR4, and CCR5, the T-tropic HIV-1 isolate HCF was less infective than in CCR5-negative cells (56) ; another study showed lower infectivity of primary X4 viruses (ELI 1 and K4) in HeLa-CD4 cells when CCR5 was coexpressed (57) . HIV-1 NL4-3 replication is also higher in peripheral blood mononuclear cells from CCR5-Δ32 heterozygous donors than from controls (58) . Our study shows that CCR5 coreceptor expression reduced X4 HIV-1 entry into cells and infection, and describes the molecular mechanism involved (Fig. 10 A and B) .
There is negative selection for X4 viruses in patients, and the R5 are the most commonly transmitted HIV-1 strains (59). Macrophages, dendritic and CD4 + T cells that express CCR5 and, to a lesser extent CXCR4, are the main immune cells in genital and rectal subepithelial tissue and in gut-associated lymphoid tissue (60) (61) (62) . The situation differs in blood, where CCR5 expression is restricted to 5% of circulating immune cells, most of them memory T cells, i.e., 15% of CD4 + T cells (63) . CCR5-expressing cells thus concentrate at primary infection sites, which could explain why R5 virus entry prevails over those that use CXCR4. Nonetheless, although X4 viruses do not enter, immune cells at the mucosa express CXCR4. CD4/CXCR4/CCR5 oligomerization could be a dynamic way to explain these apparent discrepancies. We observed that CCR5 levels at the CD4 +
CXCR4
+ cell membrane determined X4 HIV-1 infection. Furthermore, reduction of CXCR4 expression in these cells increased R5 HIV-1 infection. R5 viruses are associated with the asymptomatic phase of AIDS, which coincides with acute infection and affects mainly Th1 cells that express surface CCR5. The switch from R5 to X4 viruses is associated with the loss of CD4 + T cells and correlates with Th2 cell infection (13, 14) and AIDS development (symptomatic phase). Th1 and Th2 cells have similar CXCR4 levels, whereas Th2 cells express little CCR5 (55, 64) . During this symptomatic phase, early CXCR4 and CD4 expression during T-cell development in the thymus renders these cells susceptible to X4 HIV-1 infection and, thus, promotes a defect in immune system regenerative capacity that exacerbates AIDS (65) . These data suggest that the HIV-1 coreceptor ratio influences cell susceptibility to infection and contributes to viral pathogenesis. Our results also indicate that receptor heterooligomerization increases cell plasticity, which must be considered when evaluating the functional and pharmacological effects of drugs that act on GPCR and when exploring new therapeutic approaches for blocking HIV-1 binding and infection. Compounds engineered to mimic the CCR5-triggered conformational changes in CXCR4 homodimers or CD4/CXCR4 heterodimers could reduce virusinduced damage to the immune system, making them suitable for blocking X4 HIV-1 infection.
Methods
Cells and Reagents. HEK293T (293T) cells were obtained from the American Type Culture Collection (CRL-11268). HEK293CD4 (293CD4) cells were generated in the M.M. laboratory, and CNB/CSIC (36) and the stable cell line HEK293CD4/CCR5 was derived from 293CD4 cells. Jurkat CD4 cells were donated by J. Alcamí (Centro Nacional de Microbiología, Inst Salud Carlos III, Madrid, Spain). Human lymphocytes were isolated from healthy donor blood by centrifugation through Percoll density gradients [1,800 × g, 45 min, room temperature (RT)], and CD4 + cells were purified by negative selection using Dynabeads (Invitrogen Dynal). We used anti-human CCR5 (CTC8, R&D); anti-human CD4 (OKT-4; eBioscience) and biotin-anti-human CXCR4B (12G5, R&D) ; biotin-anti-human CD4-FITC (RPA-T4, BD) and biotin-anti-CCR5-PE (2D7, BD) or biotin-anti-CCR5-FITC (2D7, BD); Cy3-goat anti-mouse IgG, streptavidin-SPRD (Jackson ImmunoResearch); phalloidin-FITC and phalloidin-Alexa488 (Sigma-Aldrich); anti-phospo-LIMK1(Thr508)/LIMK2(Thr505); anti-phospho-cofilin (pS plasmids, were generated in the R.F. laboratory, Universidad Autónoma de Barcelona. Human CXCR4 and CCR5 receptors were PCR amplified from pcDNA3.1-CXCR4 and pcDNA3.1-CCR5 (pcDNACCR5) by using oligonucleotides listed below and cloned into pECFP-N1, pEYFP-N1, pERFPm-N1 (Clontech Laboratories), cYFP, and nYFP. pECFP-N1/pEYFP-N1 for X4: 5′HindIII (5′ATAAGCTTAT GGAGGGGATCAGTATATACATTC3′) and 3′AgeI (5′GACCGGT-GGATCCCGTAAGCT GGAGTGAAAACTTGAAG3′); cYFP/nYFP 5′NheI (5′GCTAG-CATGGAGGGGATCAGT ATATACAC3′) and 3′EcoRI (5′GAATTCTAAGCTGG-AGTGAAAACTTGAAG3′). pECFP-N1/pEYFP-N1/pERFPm-N1 for R5: 5′HindIII (5′TAAAGCTTATGGATTATCAAG TGTCAAGTCC3′) and 3′AgeI (5′GACCGG-TAATAACAAGCCCACAGATATTTC3′) and for cYFP/nYFP 5′NheI (5′AAGC-TAGCATGGATTATCAAGTGTCAAGTCC3′) and 3′EcoRI (5′GAATTCTAACA-AGCCCACAGATATTTCC3′). Human CD4 was cloned by PCR from T lymphocytes by using the oligonucleotides listed below and cloned into pRluc-N1 (Perkin-Elmer): 5′XhoI (5′TTCTCGAGATGAACCGGGG AGTCCCTTTTAG3′) and 3′HindIII (5′AAGCTTT-AAAATGGGGCTACATGTCTTCTG3′).
Human 5-HT 2B was PCR-amplified from 5-HT 2B -YFP by using the following oligonucleotides, then cloned into pcDNA3-cYFP and pcDNA3-nYFP: 5′NheI (5′TTTGCTA GCATGGCTCTCTCTTACAGAGTGTC3′) and 3′KpnI (5′GGTACCAT-ACATAACTAAC TTGCTCTTAG3′).
FRET Analysis. We cotransfected 293T cells and obtained FRET saturation curves as described (26) . To establish the influence of CCR5 expression on CXCR4/CXCR4 homodimers or CD4/CXCR4 heterodimers in FRET saturation curves, we first transiently transfected 293T cells with cDNA encoding the fusion proteins with pcDNA3.1 (pcDNA) or pcDNACCR5 (24 h). To determine FRET 50 and FRET max values, curves were extrapolated from data by using a nonlinear regression equation applied to a single binding site model with a 95% confidence interval (GraphPad PRISM 5.0). To determine the influence of CCR5 expression on CD4/CXCR4 heterodimers, we transfected 293T cells with pcDNA (control) or pcDNACCR5 (CCR5); after 24 h, we transiently transfected the cells with cDNA encoding CD4-Rluc/CXCR4-YFP.
In similar experiments, we evaluated the effect of gp120 IIIB stimulation (5 nM, 5 min, 37°C). Curves in these groups (CD4-Rluc/CXCR4-YFP + pcDNA and CD4-Rluc/CXCR4-YFP + pcDNACCR5) were paired, and dimerization in the same group of cells was evaluated before and after gp120 IIIB addition. To determine which model best fit the data for the four pairs of saturation curves (n = 4), we used Akaike information criterion corrected for small sample size (AICc) [simpler model: one curve for all datasets (before and after gp120 IIIB stimulation); alternative model: different curves for each dataset] (66) . If the majority of the AICc difference (Δ) is positive, the preferred model is a distinct curve for all datasets; if Δ is negative, the preferred model is one curve for all datasets. We used GraphPad PRISM 5.0 software.
For BRET assays using BiFC, we cotransfected 293T cells with a constant amount of cDNA encoding CD4-Rluc or 5-HT 2B -Rluc receptor and increasing amounts of a cDNA mixture encoding CXCR4-cYFP and CCR5-nYFP (1:1, cYFP:nYFP); fluorescence complementation and BRET were determined as above. Fluorescence and luminescence were measured for each sample before each experiment to confirm similar donor expression (∼75,000 LU) while monitoring the increase in acceptor expression [2,000-14,000 fluorescent units (FU) for complemented YFP]. In each BRET saturation curve, the relative amount of acceptor is given by the ratio between acceptor fluorescence (YFP) and donor luciferase activity (Rluc).
SRET. We transiently cotransfected 293T cells with distinct amounts of plasmids encoding fusion proteins (CD4-Rluc or 5-HT 2B -Rluc, CXCR4-CFP, and CCR5-YFP). Using aliquots of transfected cells (20 μg of protein), we performed three experiments in parallel. For the first, protein-YFP expression was determined by detection of protein-YFP fluorescence. Cells were distributed in 96-well microplates (transparent-bottom black plates) and read in a Fluostar Optima Fluorimeter equipped with a high-energy xenon flash lamp, using an excitation filter at 485 nm and 10-nm bandwidth emission filters corresponding to 510 nm (506-515 nm; channel 1) and 530 nm (527-536 nm; channel 2). As for FRET, we separated the relative contribution of the fluorophores to the detection channels for linear unmixing. We measured the contribution of CFP and YFP proteins alone to the two detection channels (spectral signature) in cells expressing only one of these proteins and normalized to the sum of the signal obtained in the two detection channels. Fluorescence was calculated as the difference between the fluorescence of cells expressing only protein-Rluc and those expressing protein-YFP.
In the second experiment, protein-Rluc expression was quantified by detecting its luminescence. Cells were distributed in 96-well microplates (Corning; flat-bottom white plates), and the luminescence signal was determined 10 min after coelenterazine H (5 μM) addition, in a Mithras LB 940 multimode reader (Berthold Technologies). Finally, for SRET measurements, cells in 96-well microplates (Corning; white-bottom white plates) were incubated with DeepBlueC (5 μM) and the SRET 2 signal detected in a Mithras LB 940 reader with detection filters for short [400 nm (370-430 nm)] and long wavelength [530 nm (510-560 nm)]. By analogy with BRET, we defined net SRET as [(long-wavelength emission)/(short-wavelength emission)] − Cf, where Cf is [(long-wavelength emission)/(short-wavelength emission)] for cells expressing protein-Rluc, protein-CFP, or protein-YFP. Linear unmixing was done for SRET 2 quantification only, considering the spectral signature as described above to separate the two fluorescence emission spectra.
Cell-Cell Fusion Assay. Stable 293CD4 cells (which express endogenous CXCR4) were cotransfected with the pSCluc plasmid bearing the firefly luciferase gene under the control of the vaccinia virus 7.5 promoter, the promoterless renilla luciferase plasmid (pRNull) and, when needed, with increasing amounts of cDNA encoding CCR5 (target cells). HIV-1env IIIB was introduced into effector 293T cells by infection with recombinant vaccinia virus (1 h, 37°C). At 12 h after infection, 10 5 effector cells cultured in 100 μg/mL rifampicin were mixed with target cells (6 h, 37°C), and cell-cell fusion was analyzed by measuring luciferase/renilla activity in lysates by using the Dual-Glo Luciferase Assay System (Promega). We cotransfected 293T target cells with pcDNACCR5 or empty vector (pcDNA3.1) and pSCluc; pRNull plasmids were used as controls. Luciferase activity was calculated as the relative ratio (firefly luminescence activity/renilla luminescence)/(control firefly luminescence activity/control renilla luminescence).
Flow Cytometry Analysis. Cells were plated in V-bottom 96-well plates (2.5 × 10 5 cells per well) and incubated with specific antibodies (30 min, 4°C), followed by flow cytometry. Cell-bound fluorescence was determined in a Profile XL or Gallios flow cytometer (Beckman Coulter). Chemokine receptor expression was quantified by using a Dako Qifikit (DakoCytomation) (67) . For internalization analysis, 293CD4/CCR5 cells (2 × 10 5 per well) were stimulated with CCL5 for various times (100 nM, 37°C) and the reaction terminated with cold PBS before cytometry analysis as above.
Phalloidin-FITC Staining of F-Actin and Flow Cytometry. We stimulated 293CD4 (10 6 ) or nucleofected CD4 + T (2 × 10 6 ) cells with gp120 IIIB (10 nM) or CXCL12 (50 nM) at 37°C. Cells were pelleted, paraformaldehyde-fixed (4% PFA; 10 min, RT), washed three times with cold PBS, and stained with violet LIVE/ DEAD Fixable Dead Cell Stain (Molecular Probes) to identify live CD4 + T cells.
When needed, cells were stained with anti-CCR5-PE (30 min, 4°C). All cells were stained with phalloidin-FITC in permeabilization buffer (0.1% Triton ×100, 1% BSA, 0.1% goat serum, and 50 mM NaCl in PBS; 30 min, 4°C). Stained cells were analyzed on a Gallios flow cytometer. For CD4 + T cells nucleofected with pcDNACCR5, F-actin polymerization was determined exclusively for CCR5 + cells.
Immunofluorescence. Nucleofected primary CD4 + T cells (2 × 10 5 per well) were cultured on fibronectin-coated (20 μg/mL) Teflon-printed slides (Electron Microscopy Sciences; 30 min, 37°C), then treated with gp120 IIIB (10 nM) or CXCL12 (50 nM). Cells were washed in cold PBS and fixed with 4% PFA (10 min, RT). To prevent nonspecific binding, cells were treated with PBS with 1% BSA, 0.1% goat serum, and 50 mM NaCl (30 min, 37°C). CD4
+ T cells nucleofected with pcDNACCR5 were stained with anti-CCR5 mAb (30 min, RT), followed by Cy3-goat anti-mouse IgG (20 min, RT). After washing, cells were incubated with phalloidin-Alexa488 in permeabilization buffer (30 min, RT), slides were mounted with Fluoromount-G medium (Southern Biotech), and fluorescence evaluated on an Olympus IX81 microscope with a PLAPON 60 × 03 objective (aperture 1:40) and FV10-ASW 1.6 software. Samples were excited with two laser lines (Alexa488, 488 nm: Cy3, 543). The SDM560 dichroic mirror was used for double staining; filters used were 500-530 nm for Alexa488 and 555-655 nm for Cy3. All images were processed with ImageJ and ellipticity analyzed with Imaris 7.0 software (Bitplane AG).
Western Blot. Cells were lysed in detergent buffer (1% Nonidet-P40, 50 mM Tris·HCl at pH 8.0, 150 mM NaCl, 0.5 mM EDTA, 10 mM sodium pyrophosphate, 1 mM PMSF, 10 μg/mL aprotinin, 10 μg/mL leupeptin, and 10 mM sodium orthovanadate; 30 min, 4°C). Protein extracts (20-50 μg) were separated by 10-12% SDS/PAGE and transferred to a nitrocellulose membrane. After blocking, membranes were incubated with primary antibodies (anti-CCR5, anti-CD4, anti-p-cofilin, anti-p-LIMK1 and anti-GAPDH; 4°C, overnight), followed by horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit antibodies (Southern Biotech; 45 min, RT), and developed with the enhanced ECL detection system. Blots were quantified by using ImageJ.
Virion Production, Purification, and Characterization. Lentiviral particles were produced by JetPei cotransfection of 293T or 293CD4 cells with LVTHM/GFP, PAX2, and VSVG plasmids (Tronolab) at a 1:1:1 ratio. When necessary, pcDNACCR5 was cotransfected by using JetPei 24 h before transfection with viral plasmids. At 72 h after transfection, supernatant was harvested and cell debris removed by low-speed centrifugation and 0.45-μm filtration. The supernatant was pelleted in a Beckman SW55 rotor (247,000 × g, 2 h, 4°C) through a 20% sucrose cushion and the pellet was resuspended in PBS. Several batches of lentiviral particles were standardized by titration using 293T cell transduction with twofold serial dilutions of viral particles; after 72 h, GFP expression was analyzed by FACS. Lentiviral particles with a similar titration index were aliquoted and stored at −80°C. were injected over the activated surfaces (5 μL/min, 7 min, RT), followed by ethanolamine (1 M, pH 8.5, 5 μL/min, 7 min, RT) to deactivate remaining active carboxyl groups. All determinations were made by using a Biacore 3000 (GE Healthcare). gp120 IIIB (50-250 nM) or CXCL12 (50-250 nM) in PBS-P buffer (137 mM NaCl, 10 mM Na 2 HPO 4 , 1.76 mM KH 2 PO 4 , 2.7 mM KCl, 0.005% P20, pH 7.4) was injected over immobilized viral particles (30 μL/min, 2 min, 25°C; association phase), followed by a 4-min injection of Tris buffer alone over the surface (dissociation phase). Sensorgrams were corrected for background signals in the reference flow channels (a chamber with immobilized LVPCXCR4 or LVPCXCR4/CCR5 particles after gp120 IIIB injection, and an empty chamber activated and deactivated in parallel by CXCL12 injection). Kinetic assays were followed by injection of 5 mM HCl to dissociate remaining ligand (regeneration). All steps were performed by using the system's automated robotics; all phases were followed in real time as a change in signal expressed in relative units. Curves derived from these assays were used to generate kinetic constants, and analyzed by fitting to a simple one-site interaction model with Biaevaluation 4.1 software (Biacore). Alternatively, dissociation constants were derived from the response at equilibrium to corroborate findings from automated kinetic analyses. K ON , K OFF , and K D were analyzed by using ANOVA, followed by the nonparametric Kruskall-Wallis test for multiple comparisons (GraphPad, PRISM 5.0). For more information, see SI Methods. 
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